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In-Plane Integration of Polymer Microfluidic
Channels With Optical Waveguides–
A Preliminary Investigation
A. K. Sheridan, George Stewart, H. Ur-Reyman, Navin Suyal, and Deepak Uttamchandani, Senior Member, IEEE
Abstract—The next major challenges for lab-on-a-chip (LoC)
technology are 1) the integration of microfluidics with optical
detection technologies and 2) the large-scale production of devices
at a low cost. In this paper the fabrication and characterisation of
a simple optical LoC platform comprising integrated multimode
waveguides and microfluidic channels based on a photo-pat-
ternable acrylate based polymer is reported. The polymer can
be patterned into both waveguides and microfluidic channels
using photolithography. Devices are therefore both quick and
cost-effective to fabricate, resulting in chips that are potentially
disposable. The devices are designed to be highly sensitive, using
an in-plane direct excitation configuration in which waveguides
intersect the microfluidic channel orthogonally. The waveguides
are used both to guide the excitation light and to collect the
fluorescence signal from the analyte. The potential of the device
to be used for fluorescence measurements is demonstrated using
an aqueous solution of sodium fluorescein. A detection limit
of 7 nM is achieved. The possibilities offered by such a device
design, in providing a cost-effective and disposable measurement
system based on the integration of optical waveguides with LoC
technology is discussed.
Index Terms—Fluidics, fluorescence spectroscopy, integrated
optics, optical planar waveguide components.
I. INTRODUCTION
T HE field of integrated microfluidic devices, first devel-oped in the early 1990s has grown considerably and is now
referred to as micrototal analysis systems, or more commonly,
lab-on-a-chip (LoC). The main advantages of such systems are
the scaling down of the size, resulting in significantly reduced
consumption of reagents (which can be costly/or environmen-
tally hazardous), increased automation, and reduced manufac-
turing costs [1]. The aim of LoC devices is to integrate some of
the many techniques which commonly take place in a full-scale
Manuscript received April 22, 2009; revised June 12, 2009; accepted June
15, 2009. Current version published October 21, 2009. This work was sup-
ported in part by the Scottish Consortium for Integrated Microphotonic Systems
(SCIMPS). The associate editor coordinating the review of this paper and ap-
proving it for publication was Prof. Francisco Arregui.
A. K. Sheridan, G. Stewart, and D. Uttamchandani are with the Department
of Electronic and Electrical Engineering, University of Strathclyde, Glasgow
G1 1XW, U.K. (e-mail: asheridan@dunelm.org.uk; g.stewart@eee.strath.ac.uk;
d.uttamchandani@eee.strath.ac.uk).
H. Ur-Reyman and N. Suyal are with Exxelis Limited, ETTC BioSpace,
Edinburgh, EH9 3JF, U.K. e-mail: h.rehman@exxelis.com; navinsuyal@gmail.
com).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JSEN.2009.2030073
bio(chemistry) laboratory by incorporating, for example, cham-
bers for mixing and reactions, elements for heating, devices for
transporting, devices for separation, and selection and chemical
analysis. LoC technology is expected to have applications in
many areas; from security and pollution detection in water sup-
plies, to portable medical diagnostics and food safety [2].
LoC devices have been fabricated from a variety of materials
including glass, silicon and polymers. Glass is commonly used
[1] as it is chemically inert, biocompatible and optically clear;
however, the formation of microfluidic channels in glass is not
straight forward, and can be both time consuming and costly.
A number of techniques for fabricating microfluidic channels
in glass have been described. Microsandblasting and diamond
sawing are simple but produce rough surfaces. Dry etching
can successfully be used to pattern glass, however there are
two main drawbacks to this technique – the slow etch rate
(1 ), particularly if structures on the order of 100
are required, and the high cost of dry etching – from both
equipment and running costs. In addition, nonvolatile chemical
species are generated which can deteriorate the surface quality.
Wet etching is also commonly used although due to isotropy,
it is not possible to fabricate structures with high aspect ratios
or with vertical side walls. Additionally, the etch rate is highly
dependent on the glass composition, which, unlike electronic
grade materials, is not well defined or standardised. Finally,
wet etching involves etchants which are hazardous. Other
techniques that have been recently demonstrated for fabri-
cating glass microchannels include the fabrication of channels
using a femtosecond laser, either by irradiation followed by
chemical etching [3], or by direct laser milling [4], [5]. This
is an interesting technique as it does not need a clean room
environment, but it is also costly and currently not suitable for
mass production.
In contrast to the fabrication difficulties, high cost and long
processing times associated with silicon and glass fabrication
techniques, polymers can be quick to manufacture, use tech-
niques that are particularly suited to large scale production,
and have low material and fabrication costs. These major
advantages mean that polymeric devices have the potential
to be manufactured in large quantities, and can therefore be
disposable, eliminating the problems associated with cross
contamination when devices are cleaned and reused. It is for
this reason that polymer materials are becoming the material
of choice for LoC applications. The most commonly used
materials are Poly(dimethylsiloxane) PDMS, an elastomer
well suited to casting methods, and SU8, a thermoset polymer
1530-437X/$26.00 © 2009 IEEE
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which can be patterned using photolithography [6]. However,
both of these materials have limitations; PDMS suffers from
swelling in the presence of some organic solvents, SU8 can be
difficult to process due to its high mechanical strength and it
can be difficult to separate from a substrate. One disadvantage
common to many polymers is autofluorescence, which is often
higher than in glass, and care should be taken when choosing
polymers for optical measurement applications [7]. How-
ever, one of the advantages of polymers is the diverse range
of materials available, exhibiting a wide range of chemical,
mechanical, electrical, and optical properties. It is therefore
likely that the optimum devices for a particular application can
be designed by careful choice of material, and new materials
should be explored and assessed as they become available.
The next major challenge for LoC devices is the integration of
on-chip optical excitation and detection functionalities through
the fabrication of low-loss optical waveguides [8]. Such devices
combine the high sensitivity of optical detection techniques
with the miniaturisation and control of microfluidic systems.
By combining the properties of microfluidics with waveguides
in a compact configuration the need for bulky and expensive
optical detection equipment, such as lenses and microscopes is
eliminated. This concept promises dramatic advances in both
basic research techniques and in clinical applications, such as
low-cost diagnostic devices. Optical detection techniques are
particularly suitable for integration into LoC devices; these
include real time sensing applications such as laser induced
fluorescence and time-resolved spectroscopy.
There are a number of approaches to the integration of waveg-
uides in a LoC system. Many waveguide sensing devices are
based on evanescent field interactions [2]. As the name suggests,
in evanescent devices, the analyte in a microfluidic channel in-
teracts with the evanescent field from a nearby waveguide. Mi-
crofluidic channels are generally incorporated by fabrication of
an additional layer on top of the waveguide. The main disadvan-
tage of an evanescent approach is that only a few percent of the
optical field [9] interacts with the analyte resulting in the need
for long interaction lengths to achieve high sensitivity. In addi-
tion, generally more than one fabrication technique is needed to
fabricate both the waveguides and the microfluidics, adding to
the complexity of the device. A technique attracting growing in-
terest is optofluidics, in which waveguides are formed by fluids
with different refractive indices [10]. This approach has tremen-
dous flexibility, but does not lend itself to the full functionality
that LoC applications require. Recently, a direct excitation con-
figuration, in which the waveguides intersect the microfluidic
channel, giving direct excitation of the analyte has been de-
scribed [11]–[15]. Waveguides and microfluidic channels are
generally fabricated in the same (substrate) material. This ap-
proach, referred to as the direct excitation approach, has the ad-
vantage that all of the input interrogating light power is incident
on the analyte, and it is expected that very high sensitivities can
be achieved. This technique results in highly localised measure-
ments and can be used to probe multiple points along a single
microfluidic channel using multiple parallel waveguides. The
fabrication of low loss waveguides and good quality microflu-
idic channels in the same material is not trivial, however, with
the advantages of high-power density at the analyte compared
to an evanescent approach and direct interaction with the mi-
crofluidic channel, interest is growing rapidly. The approach has
recently been demonstrated using flame hydrolysis deposited
silica [11], soda lime glass [12], [13], SU8 [14], and PDMS
[15]. Recently, one group has demonstrated a device in which
both the waveguides and the microfluidic channels were fabri-
cated in glass using a femtosecond laser [4]. Using this method,
buried microfluidic channels can be created that do not need to
be covered by a glass cover slip, but they are currently limited to
only a few millimeters length. In the majority of direct excita-
tion configurations in the literature, detection of the fluorescence
signal is made from above the microfluidic channel using bulk
optical elements such as microscope objective lenses. Although
this reduces the collection of laser excitation light, thus reducing
the detection limit, in some cases by many orders of magnitude
[13], the advantages of a truly in-plane system without the need
for bulk optics are lost.
In this work, a direct excitation device for both fluores-
cence excitation and collection in the plane of the device is
demonstrated, using a commercially available acrylate based
polymer from the “Truemode” range, supplied by Exxelis Ltd.
The polymer material has extremely low bulk absorption in
the visible and near infrared ( at 800 nm) [16]
and extremely good refractive index stability under extreme
temperature changes [17] making it ideal for optical device
applications. A waveguide propagation loss of 0.12 dB/cm
at 633 nm has been demonstrated using 50 50
cross-section multimode waveguides [18]. The material does
not demonstrate autofluorescence at visible or near IR wave-
lengths, and can be repeatably produced with a range of
refractive indices varying from 1.45 to 1.58. These properties
make it ideal for waveguide applications. In addition, it is non-
porous and biocompatible. Taken together, these characteristics
make it an ideal material for integrated waveguide/microfluidic
systems. We have also experimentally verified that the polymer
is not Raman active, making it an ideal material for fabri-
cating LoC devices applying nonlinear optical spectroscopy,
and Raman scattering and its derivatives, as a sensing tool. A
major limitation to the development and commercialisation of
integrated optical LoC devices is the cost of fabrication. In this
work, the polymer was deposited using spin coating onto a four
inch diameter substrate and subsequently patterned into both
waveguides and microfluidic channels using photolithography.
Chips are therefore quick to fabricate and the process lends
itself easily to mass production. Devices which are low cost
could also be disposable, which is highly desirable as it elim-
inates the need for chips to be cleaned between runs, which
can lead to cross contamination of the analyte. In this work,
excitation and detection of the fluorescence signal is achieved
through the waveguides, and a fluorescent dye, fluorescein, is
used to demonstrate the sensing capabilities of the device.
II. FABRICATION OF INTEGRATED LOC DEVICES
The chip has been designed to have a microfluidic channel
that intersects with the waveguides at 90 so that the waveg-
uides provide both direct excitation of an analyte in themicroflu-
idic channel and collection of the resultant fluorescence signal.
The waveguides in the device are multimode with large cores
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Fig. 1. A flow diagram showing the fabrication process .
Fig. 2. A cross section of the device showing the core and cladding layers.
(50 ) to give good coupling efficiency to an optical fiber and
high-power density at the sample.
The fabrication steps are shown in Fig. 1. Devices were fab-
ricated on FR4 copper backed wafers, which were cleaned in
acetone and isopropanol. Both the core and the cladding mate-
rials were an acrylate-based polymer called “Truemode,” which
is supplied by Exxelis Ltd., who also carried out the wafer fab-
rication. Devices were formed in three layers as shown in Fig. 2
– an under cladding (50 thick), a core layer (40 thick)
and an over cladding (50 thick) were spin coated onto the
substrate. The polymer is formed by cross-linking when the
monomer is exposed to UV light. This must be done in a ni-
trogen atmosphere, as oxygen in the air leads to air bubbles in
the polymer, which would increase the losses in the waveguides.
The lower cladding layer was exposed using a UV lamp in a pur-
pose built chamber, which was flooded with nitrogen. The core
and cladding layers were both patterned using 365 nm light in
a mask-aligner (OAI Optical Association, Inc.). After illumi-
nation, any unpolymerized material was developed and washed
away using a mixture of acetone and IPA in the ratio 3:1. The
patterning of the core layer produces ridge waveguides with a
width of 50 and height of 40 , with a gap of 200 near
the middle which became part of the microfluidic channel. The
top cladding layer was patterned to create microfluidic chan-
nels which coincided with the gaps in the core layer (see Fig. 3).
Themasks used for the photolithographywere made by Compu-
graphics Ltd. and were designed with alignment marks to allow
accurate alignment of the core and top cladding layer. The top
cladding layer also acts to planarize the waveguide and provide
confinement of the waveguide mode. The refractive index of
the core, given at 633 nm, is 1.556 and of the top and bottom
Fig. 3. A schematic diagram of the integrated waveguide/microfluidic device.
The ridge waveguide core sits on the lower cladding layer.
Fig. 4. A microscope image of the device showing waveguides (  
  	) intersecting with a microfluidic channel (200  	 wide).
cladding layers is 1.526. The loss in the waveguides, including
coupling losses was measured to be 0.8 dB/cm at 633 nm. The
magnitude of the dispersion at this wavelength is of the order of
7.5 .
Themicrofluidic channels were sealed using a layer of PDMS
(Sylgard 184 Dow Corning) with holes formed for the fluid inlet
and outlet. A diamond saw with a fine grit size was used to dice
the wafers into smaller chips, andwas found to provide adequate
polishing of the waveguide end faces to allow end-fire coupling
from an optical fiber. Fig. 3 shows a schematic diagram of the
device. Fig. 4 shows a microscope image of part of the chip.
The microfluidic channel runs vertically through the image. The
five multimode waveguides, which are below the surface of the
cladding layer, can also be seen. These waveguides each have
cross-sectional dimensions of 40 by 50 . The microflu-
idic channel in this image is 200 wide and 40 high.
Careful inspection shows that the waveguides stop short of the
microfluidic channel on both sides. This is due to a small mis-
match between fabricated dimensions and the feature sizes on
the mask, for both the waveguide layer and the microfluidic
channel layer. This can be overcome in future devices by careful
design of the mask to compensate for this error, or by adjusting
the exposure time.
III. EXPERIMENTAL
Fig. 5 shows the experimental setup for the characterization
of the devices. Light from an air cooled argon ion laser (488 nm)
was coupled using a free-space collimator into a 50 diameter
multimode fiber with an NA of 0.275. This was butt coupled to
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Fig. 5. The experimental setup for in-plane fluorescence measurements.
Fig. 6. The calibration curve for solutions of fluorescein. Integral of fluorescent peak is defined as  , where   is the fluorescent intensity and  is the
wavelength.
the edge of the waveguide and mounted on a micropositioner
to give accurate positioning control. The power at the input to
the waveguides was measured to be 230 mW. No fluorescence
was observed from the multimode fiber. Light from the output
of the waveguides was collected into another multimode fiber
with a core diameter of 50 connected to a CCD spectrometer
(Andor Technology). A 488 nm bandpass filter was used to filter
unwanted emission from the laser and a high-pass filter centred
at 500 nm was used to filter out the excitation light from the
fluorescence signal. Aqueous solutions of fluorescein (Aldrich)
with concentrations ranging from 9 to 9
were made using deionized water. These solutions served as the
analyte during the experimental evaluation of the devices.
IV. DISCUSSION OF RESULTS
Measurements of the in-plane fluorescence signal were
recorded for each of the solutions of fluorescein. The integral
of the fluorescence signal is plotted on the calibration curve in
Fig. 6, as a log–log plot for clarity, as the solution concentra-
tions span four orders of magnitude. The integral was obtained
by integrating the fluorescence spectrum between 470 and
750 nm. The inset shows the linear plot. Both plots show linear
regressions of the data. The regression fit was in
both cases.
Fig. 7 shows an example of a fluorescence spectrum obtained
from a 9 aqueous solution of fluorescein. The spec-
trum was obtained by using background corrected counts from
a single track at the center of the CCD to reduce unwanted back-
ground signal. An integration time of 120 s ensured a good
signal-to-noise ratio was obtained. Assuming that a signal-to-
noise ratio of at least 2 is required in order to extract the signal,
this system demonstrates a lower detection limit of 7 nM. This
is a very promising result, which could be improved consider-
ably by further optimization of the device design. To date, there
are very few examples of devices with a similar configuration
in the literature. A number of authors [11]–[20] use waveguides
to excite the fluorophore, but measure the fluorescence from
above the microfluidic channel. Cleary et al. achieve a detec-
tion limit of 31 nM [11] using a waveguide excitation and per-
pendicular collection configuration, while Malic et al. achieve
a detection limit of 10 nM [20] using this method. Mazurczyk
et al. [13] compare in-plane (through the waveguide detection)
Authorized licensed use limited to: STRATHCLYDE UNIVERSITY LIBRARY. Downloaded on June 24,2010 at 09:07:11 UTC from IEEE Xplore.  Restrictions apply. 
SHERIDAN et al.: IN-PLANE INTEGRATION OF POLYMER MICROFLUIDIC CHANNELS WITH OPTICAL WAVEGUIDES 1631
Fig. 7. The fluorescence spectrum for a 9    solution of fluorescein,
showing a detection limit of 7 nM.
with perpendicular (microscope objective above the microflu-
idic channel) detection in an integrated optical microfluidic de-
vice. They find that for in-plane measurements the detection
limit is only 1 , compared to 0.5 nM for the perpendic-
ular configuration. There are two main reasons why a lower
detection limit is achieved using a perpendicular configuration.
First, the excitation light is much more effectively eliminated
from the fluorescence signal if detection is above the microflu-
idic channel. Second, the collection efficiency, determined by
the numerical aperture (NA) is greater using a high NA lens
(with an NA typically at least 0.5) compared to the NA of a
waveguide. The NA of the waveguide is given by ,
where is the refractive index of the waveguide core and is
the refractive index of the waveguide cladding. For the waveg-
uides presented in this work for example, the NA is 0.3. How-
ever, despite these potential drawbacks to in-plane detection, we
have demonstrated a detection limit of 7 nM from an in-plane
polymer device. This is two orders of magnitude lower than
Mazurczyk et al. achieved using a similar configuration, and is
comparable to work in which the detection is from above the
waveguide. This may be due to the device design which uses
multimode waveguides to maximize power at the analyte, and
the well matched dimensions of the optical fiber to the wave-
guide dimensions, resulting in efficient light coupling and col-
lection. A microfluidic channel of 200 width provides a
good compromise between maximizing the interaction length
in exciting the fluorescence while ensuring good collection ef-
ficiency by the output waveguide.
This work demonstrates the potential for low detection limits
using an in-plane excitation and collection configuration. Fur-
ther optimization of the device design will reduce this still fur-
ther. Some preliminary modeling shows that offsetting the angle
of the excitation waveguide by 20 relative to the collection
waveguide will reduce the collection of excitation light by over
95%, while still exciting the analyte in the microfluidic channel.
This approachwould significantly reduce the detection limit that
can be achieved, as well as reducing the need for filters, and is
currently under investigation. It should also be pointed out that
the aim of this work was to make spectral fluorescence measure-
ments using a CCD spectrometer. A lower detection limit could
be achieved if only the magnitude of the fluorescence emis-
sion was required, by using a photon counting device such as
a SPAD photodiode or PMT. However, for many biological ap-
plications, it is important to obtain the full spectral information.
An in-plane excitation and detection system does not require
bulk optics, which are costly and need careful alignment, and
will have a smaller, more compact device footprint.
A sensitive low-cost device, such as that demonstrated in this
work could be used for fluorescence detection, absorption mea-
surements, lifetime measurements, techniques such as fluores-
cence resonance energy transfer (FRET) and even for Surface
Enhanced Raman Spectroscopy (SERS) since we have shown
that the fabrication material used does not produce interfering
Raman signals.
V. CONCLUSION
In summary, integrated waveguides and microfluidic chan-
nels have been fabricated in a three step photolithographic
process in an acrylate-based polymer. The in-plane direct
excitation design of the chip results in high excitation density at
the sample and good collection efficiency. The detection of the
fluorescence spectrum from fluorescein has been demonstrated
with a detection limit of 7 nM. This result demonstrates the
potential of this system for ultra-sensitive fluorescent measure-
ments and indicates that extremely low detection limits could
be achieved with further optimization of the device parameters
and collection system. The low cost and ease of fabrication of
the polymer system demonstrated in this work offer the pos-
sibility of cheap, disposable devices. Such devices could then
be exploited for a wide range of optical detection applications
where small sample volumes are desirable, such as clinical
analysis and for point-of-care devices and portable monitoring
systems in, for example, pollution detection.
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